channels in PC12 cells.
3) These data suggest that ethaverine regulates catecholamine content, depending upon such biologically active sites as the central nervous system and peripheral tissues.
Monoamine oxidase [MAO, monoamine: O 2 oxidoreductase (deaminating), EC 1.4.3.4] plays an important role in the catabolism of catecholamines, serotonin, and dietary amines. 4) MAO is classified into two types, type A and B (MAO-A and -B), according to different sensitivities to inhibition by selective MAO inhibitors and substrate preferences. 5, 6) MAO-A is inhibited by low concentrations of clorgyline, and MAO-B by low concentrations of deprenyl and pargyline. The inhibitors of these selective MAO are applied to the treatment of some neuropsychiatric disorders such as depression, alcoholism and schizophrenia, which are closely related to the catecholamine content in the central nervous system. 6) Many inhibitors of MAO activity are reported: isoquinolines and tetrahydroisoquinolines, 7, 8) 4-(2-benzofuranyl)-piperidines, 9) oxadiazoles, 10) phenoxathin-10,10-dioxides, 11) and natural xanthones. 12) In addition, tetrahydropapaveroline and higenamine belong to a group of benzylisoquinoline derivatives and exhibit an inhibitory effect on MAO activity. 13, 14) The present study was, therefore, undertaken to examine the effects of ethaverine and its structural analogues, papaverine, laudanosine and tetrahydropapaverine, on MAO activity in mouse whole brain using kynuramine as a substrate to determine whether these compounds have an ability to regulate catecholamine content.
MATERIALS AND METHODS

Materials
Ethaverine hydrochloride, papaverine hydrochloride, laudanosine, tetrahydropapaverine hydrochloride, kynuramine dihydrobromide, 4-hydroxyquinoline, and zinc sulfate were purchased from Sigma Chemical Company (St. Louis, MO, U.S.A.). All other reagents were of reagent grade.
MAO Preparation and Assay for MAO Activity Mice (male, ICR, 25-30 g) were obtained from the Samyook Animal Laboratory, Inc. (Osan, Korea). Mice received laboratory chow and tap water ad libitum and were killed by cervical dislocation by the guidelines for the care and use of laboratory animals. For MAO enzyme preparation, a crude mitochondrial fraction was isolated from mouse whole brain according to the method of Naoi et al. 7) MAO activity was measured fluorimetrically using kynuramine as an amine substrate according to the method of Kraml 15) with a slight modification. 7, 14) 4-Hydroxyquinoline formed by the enzyme reaction for 30 min at 37°C was measured using a fluorescence spectrophotometer (lex, 315 nm/lem, 380 nm, Hitachi Model F-3000, Tokyo, Japan). To differentiate type A and B activities, MAO activities were measured in the presence of 1 mM clorgyline and deprenyl with a pre-incubation time of 15 min. 5, 16, 17) Data Analysis The values of the Michaelis constant (K m ) and the maximum velocity (V max ) were obtained by Lineweaver-Burk's plot using various concentrations of kynuramine. The amount of protein was determined by the method of Lowry et al. 18) using bovine serum albumin as a standard. The results represent meansϮS.E.M. of five experiments. Statistical significance was determined at the pϽ0.05 level by Student's t-test.
RESULTS AND DISCUSSION
Many isoquinoline compounds such as salsolinol, Nmethylisoquinoline, tetrahydropapaveroline, and higenamine inhibit MAO activity. The effects of benzylisoquinoline compounds such as ethaverine, laudanosine, and tetrahydropapaverine on monoamine oxidase (MAO, EC 1.4.3.4) activity in mouse brain were investigated. Ethaverine showed an inhibition of MAO activity in a concentration-dependent manner (57.6% inhibition at 40 m mM). Papaverine also inhibited MAO activity (38.1% inhibition at 40 m mM). However, laudanosine and tetrahydropapaverine did not inhibit MAO activity. The IC 50 value of ethaverine for MAO was 25.5 m mM. Ethaverine non-competitively inhibited MAO activity with a substrate kynuramine. The K i value for ethaverine was 11.9 m mM. In addition, ethaverine proved to preferentially inhibit type B MAO activity in a concentration-dependent manner, with an IC 50 value of 32.8 m mM. These results suggest that ethaverine partially contributes to the regulation of catecholamine content.
veroline and higenamine are grouped into benzylisoquinoline compounds (Fig. 1) . We, therefore, investigated the effects of ethaverine, papaverine, laudanosine and tetrahydropapaverine, which are benzylisoquinoline derivatives, on MAO activity.
MAO was partially purified from mouse brain, and the values of K m and V max , determined by using the substrate kynuramine, were 78.2Ϯ4.0 mM and 0.65Ϯ0.05 nmol/min/mg protein, respectively (nϭ5). In this experiment, ethaverine exhibited an inhibitory effect on MAO activity in a concentration-dependent manner (57.6% inhibition at 40 mM) ( Table  1) . Papaverine also showed a mild inhibitory effect on MAO activity (38.1% inhibition at 40 mM). However, laudanosine and tetrahydropapaverine did not inhibit MAO activity ( Table  1) . The IC 50 value of ethaverine for MAO activity was 25.5 mM. Ethaverine showed a less inhibitory effect on MAO activity than iproniazid and clorgyline (Table 1) .
Kinetic analysis by a Lineweaver-Burk reciprocal plot indicates that ethaverine is a non-competitive inhibitor of MAO with respect to kynuramine (Fig. 2) . The K i value for ethaverine was 11.9 mM.
Next, the inhibitory effects of ethaverine on MAO-A and MAO-B were investigated. Ethaverine preferentially inhibited MAO-B activity in a concentration-dependent manner, with an IC 50 value of 32.8 mM (Table 2) .
According to the structural suggestion of Severina, 5) a hydrophobic region, a nucleophilic locus and an electrophilic group on MAO are required for binding with inhibitors or substrates. Ethaverine has a hydrophobic pocket (-OC 2 H 5 radicals) and a nucleophilic locus (N group of isoquinoline ring) (Fig. 1, upper) . Ethaverine and papaverine showed more potent inhibitory effects on MAO activity than higenamine (IC 50 value of higenamine, 159.0 mM), 14) but laudanosine and The control of MAO activity, 0.320 nmol/min/mg protein, was taken as 100. Iproniazid and clorgyline were used as the positive control. The data are expressed as meansϮ S.E.M of five experiments. As compared with control value: *, pϽ0.05; **, pϽ0.01; ***, pϽ0.001 (Student's t-test). tetrahydropapaverine did not. These results suggest that the molecular planarity of the isoquinoline ring plays an important role and that the -OH, -OCH 3 or -OC 2 H 5 radicals of the R 1 , R 2 , R 3 and R 4 positions play a minor role in the inhibition of MAO activity (Fig. 1) .
Ethaverine is reported to inhibit phosphodiesterase in smooth muscle and to inhibit catecholamine secretion by blocking the L-type Ca ϩϩ channel. 2, 3) In addition, Shin et al. have reported that ethaverine decreases dopamine content by reducing the tyrosine hydroxylase activity in PC12 cells. 19) The IC 50 value (1.4 mM) of ethaverine for dopamine biosynthesis is much lower than that for MAO inhibition (IC 50 value, 25.5 mM). PC12 cells have an MAO activity with type A. However, our preliminary experiments have shown that dopamine content was not apparently altered by treatment with 1 mM of clorgyline or deprenyl, which are selective MAO-A or MAO-B inhibitors, in PC12 cells. These data indicate that ethaverine uses a different mechanism between dopamine biosynthesis in PC12 cells and the inhibition of MAO activity. Similar results were obtained when higenamine was used in PC12 cells: higenamine has been found to lower the dopamine content in PC12 cells despite its inhibition of MAO activity. 20) In summary, our present study indicates that ethaverine non-competitively inhibits MAO activity in mouse brain, and the possibility that ethaverine has a dual role in the regulation of catecholamine content can be proposed. The in vivo physiological functions of ethaverine need to be studied further.
